Introduction
To date, there have been many reports concerning corneal nerve fibers stained by various methods including enzyme detection [1] [2] [3] [4] [5] [6] [7] [8] [9] , gold impregnation 7,10 -13) , and neuropeptides 5,6,8,14 -20) , lectin IB4 15, 20) or capsaicin receptor TRPV1 20, 21) localization. Most analyses have been performed on whole mount preparations and paraffin or cryostat sections of the cornea from various mammals. Whole mount preparations are beneficial for demonstrating the entire innervation on the cornea. Until now, the entire innervation of TRPV1-immunoreactive (IR) nerve fibers has not been examined in whole mount preparations. In this study, we present the innervation patterns of PGP 9.5 (or PGP, a marker of non-specific peripheral nerve fibers)-, calcitonin gene-related peptide (CGRP)-and transient receptor protein vanilloid 1 (TRPV1)-IR nerve fibers and the density of TRPV1-IR nerve fibers in a whole mount preparation of the adult rat cornea.
Materials and Methods
The animals were handled as per the guidelines of the Ethics Committee of the International Association for the study of Pain 22) . Ten male rats of at least 20 days age were used in this study. Eye enucleation was performed promptly after CO 2 inhalation in a closed chamber and the rats were sacrificed. Bilateral corneas with narrow corneoscleral margins were extracted immediately in 0.1 M phosphate buffer (pH 7.2) and placed in fixative (4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer) for 12-24 hours (h) at 4°C. The corneas were then washed in 0.1 M phosphate buffered saline (PBS) containing 10% sucrose at 4°C either overnight or for 24 h. After removal of the iris and ciliary body, incisions were made to produce a cloverleaf-shaped flat mount of the cornea in PBS.
Immunohistochemical reactions were performed on free-floating corneas using an indirect, streptavidinbiotin-fluorochrome method. The corneas were pre-incubated in 5% bovine serum albumin (BSA)-PBS containing 1% Triton X-100 at room temperature (RT) for 30 min and rinsed in 1% BSA-PBS containing 0.5% Triton X-100 (RT, 10 min). Following incubation in 30% avidin-biotin in 1% BSA-PBS (RT, 20 min), the corneas were washed in distilled water (DW), and immersed in 1% BSA-PBS (RT, 20 min). The specimens were then incubated with primary polyclonal anti-PGP 9.5 (rabbit, 1 : 5000, Ultra Clone Ltd., Isle of Wight, UK), anti-CGRP (goat, 1 : 100~200) or anti-TRPV1 (rabbit, 1 : 200~400) antibodies for 3-5 days at 4°C. Excess antibodies were washed off in DW, followed by a 10 min wash in 0.05 M PBS. The specimens were then rinsed in 0.5% BSA-PBS and incubated with biotinylated anti-rabbit (1 : 200) or biotinylated anti-goat IgG (1 : 200) for 45 min at 37°C. After washing and rinsing in 0.5% BSA-PBS, the specimens were incubated with a fluorochrome (Alexa 488)-streptavidin conjugate (1 : 200, 2 h, 37°C). After a final wash in DW, the corneas were mounted in Fuluor-Save reagent (Calbiochem, La Jolla, CA, USA). The final whole mount preparations were observed by laser scanning microscopy (Fluoview, Olympus, Tokyo, Japan). Controls were treated in a similar manner except that the samples were incubated in rabbit or goat serum devoid of the primary antibodies.
Results and Discussion
Stromal (subepithelial) dense PGP-IR nerve fibers ran from the corneoscleral limbus to the central cornea and anastomosed to form a mesh-like architecture (Fig. 1a, b) . The thick, straight nerve fibers became thinner, ramifying toward the central area. Dense innervation of somewhat wavy CGRP-IR nerve fibers also observed in the subepithelial layer (Fig. 1c, d ). TRPV1-IR nerve fibers (Fig.  1e , f ) were weakly stained but showed a similar density to that of PGP-and CGRP-IR nerve fibers, running from the limbus to the central cornea. In particular, many straight, thin leash fibers (ramifications) 7) were observed branching from thick stromal fibers (Fig. 1f ) . In general, the TRPV1-IR nerve fibers appeared thinner than the PGP-and CGRP-IR nerve fibers. Common features of these three types of nerve fibers included concentration in proximity to the marginal area, a mesh-like structure, and sparsity in the central area of the cornea. The paucity of these nerve fibers in the central cornea does not necessarily indicate the absence of fibers because it has previously been shown to be richly innervated with peptidergic nerve fibers 17) . The innervation pattern of PGP-and CGRP-IR nerve fibers in the present study is in accord with that observed in previous reports 5, 6, [15] [16] [17] 19) . Dense innervation of PGP-IR nerve fibers was demonstrated in whole mount corneas from rat pups (age, <14 days) 6) and cryostat-sections of canine 19) corneas. In these studies, the nerve fibers formed a network from the corneal center to the corneoscleral limbus, comprising a complex anastomotic meshwork of small-, medium-, and large-diameter nerve bundles. These features are similar to those presented in this study; thick stromal nerves gave rise to many thin leash fibers running in the basal epithelium from which terminal arbors branched vertically among epithelial cells to the superficial layer of the epithelium 6) . Although many PGP-IR nerve fibers are resistant to capsaicin 6, 8) , some were determined to be sensitive, resulting in a noticeable decrease after capsaicin treatment in neonates.
Numerous studies have reported the innervation of CGRP-IR nerve fibers in the cornea 5, 6, [15] [16] [17] 19) . Ueda et al. (1989) 16) demonstrated the formation of a basal epithelial nerve plexus or varicose nerve endings of CGRP-IR as well as neuron specific enorase (NSE) and tyrosine hydroxylase (TH)-positive nerve fibers in the human cornea. Thick acetylcholinesterase (AchE)-positive stromal nerve trunks including a few thinner varicose CGRP-IR nerve fibers were noted in the subepithelial (superficial stromal layer) nerve fiber network of the guinea pig cornea 5) and CGRP-positive, but AchE-negative nerve fibers were observed in the stroma and subepithelial nerve trunk. Jones and Marfurt (1991) 17) extensively studied the developmental innervation pattern of CGRP-IR nerve fibers in the corneas of neonatal and adult rats. Stromal CGRP-IR nerve bundles were found to enter the epithelium at defined sites giving rise to a dense, intraepithelial fiber network, and then radiate toward the central cornea. They speculated the roles of CGRP-IR nerve fibers were associated with corneal sensory, reflex, and epithelial cell trophic functions.
Interestingly, Marfurt et al. (1993) 6) reported that rat corneal intraepithelial CGRP-IR axons that disappeared in response to neonatal capsaicin treatment began to regenerate until 14 days of age. Basal epithelial leash fiber formations in capsaicin-treated animals were more numerous, more dense, more extensively branched, longer, and had a greater number of axons and terminals than those in normal adult animals. More than 99% of PGP 9.5-IR nerve fibers in the canine cornea were also immunoreactive for CGRP and substance P (SP), indicating that the two neuropeptides coexist in canine corneal nerves 19) . However, considerable interspecies differences are suggested to exist with regard to the colocalization of corneal nerve fiber neuropeptides 19) . Murata and Masuko (2006) 21) demonstrated the coexistence of TRPV1-IR nerve fibers with SP-IR and CGRP-IR nerve fibers in the rat cornea. Recently, considerably more extensive TRPV1-positive fine nerve fibers were identified in the adult rat cornea by immunohistochemical methods 20) and using TRPV1 knock-in mice 23) . Until now, the innervation pattern of TRPV1-IR nerve fibers has not been clearly demonstrated using whole mount preparations. The present study is the first to confirm the precise dense innervation of TRPV1-IR nerve fibers in the rat cornea, although the coexistence of TRPV1-IR nerve fibers with CGRP-IR nerve fibers was not examined. However, fine TRPV1-IR nerve fiber bundles were found to overlap with a meshwork of IB4-positive nerve fibers 20) . Thus, the dense innervation of CGRP-, TRPV1-, and SP-IR as well as IB4-positive nerve fibers in the mammalian cornea suggests that these fibers are nociceptive sensory fibers that also participate in trophic activity to repair damage sustained to epithelial cells.
It is difficult to archive optimal staining of the overall arrangement of corneal nerve fibers by immunohistochemistry in whole mount preparations because of the depth of the cornea in adult animals. For example, at times, the corneal nerve fibers were stained only in one leaflet of the preparation but not in others. Even in the stained leaflet, continuous staining of stromal fibers, leash fibers, and terminal branches within the epithelial cell layer could not be consistently demonstrated. It was particularly difficult to stain intraepithelial nerve fibers. The underlying reasons for the paucity of corneal nerve staining could derive from insufficient fixation, the relative impermeability of immunoreactive reagents (antibodies) 6) , or an inadequate dilution of antibody. It is important to develop a method for improving the penetration of antibodies into the cornea to permit complete staining of corneal fibers.
